Microsomal sialyl transferase and galactosyl transferase activities of herpes simplex virus-infected GMK and BHK cells were studied. Apparent Km values calculated for sialyl and galactosyl transferases differed significantly from the corresponding values of uninfected cells. Both transferases of HSV-infected cells demonstrated accepter specificities different from those of uninfected cells. It is suggested that herpes simplex virus might influence glycosylation of proteins by modifying the glycosyl transferases of the infected cells.
INTRODUCTION
The production of infectious virus of many, if not all, enveloped viruses is dependent on glycosylation of envelope proteins (Scholtissek, i975; Schwartz et al. 1976; Leavitt et al. I977) . Considering the limited amount of genetic information of small enveloped viruses such as vesicular stomatitis virus and Sindbis virus, it has been suggested that these viruses are glycosylated by host cell glycosyl transferases (Burge & Huang, 1970) . This assumption has been confirmed at least partly by Keegstra & Burke (I977) and Gottlieb et al. (I979)-Herpes simplex virus (HSV) contains at least four major envelope glycoproteins (Savage et al. I972; Spear & Roizman, I972 ) with essential functions during the early phase of viruscell interactions. The coding capacity of HSV, more than 50 polypeptides (Honess & Roizman, I973) , should be sufficient to influence the mode of glycosylation, either by introduction of virus-specified glycosyl transferases or by other regulatory mechanisms. In the present paper we have studied the effect of HSV infection on sialyl and galactosyl transferases [CMP-N-acetylneuraminate: n-galactosylglycoprotein N-acetylneuraminyl transferase (EC 2.4-99. I) and UDP-galactose: N-acetylglucosaminyl-glycoprotein galactosyltransferase (EC 2.4. I. 22)], two enzymes known to add the ultimate sugar residues to carbohydrate moieties of many glycoproteins.
METHODS
Virus and cells. HSV type I, strain F (supplied by Dr B. Roizman, Chicago) and established lines of green monkey kidney cells (GMK AH I) and baby hamster kidney cells (BHK) were used throughout the study. The cells were grown in Eagle's minimal essential medium supplemented with Ioo international units of penicillin and i oo/zg of streptomycin per ml and I o % foetal calf serum. For maintenance the same medium without calf serum was used.
Radiochemicals. Cytidine 5'-monophosphate 4-t4C-sialic acid (CMP-sialic acid, 1-47 mCi/ oo22-I317/8o/00oo-3816 $02.00 @ I980 SGM I-2 mmol) was purchased from New England Nuclear (NEN) Chemicals GmbH, Dreieich, W. Germany) and uridine diphospho-o (U-14C)-galactose, lithium salt (UDP-galactose, 347 mCi/mmol), was purchased from the Radiochemical Centre, Amersham, England.
Preparation of microsomes for the glycosyl transferase reactions.
Microsomes were prepared mainly as described by Tata 0969). Cells were cultivated in I litre roller flasks. Cultures, infected with IO p.f.u, of HSV per cell, were harvested I6 h post infection (p.i.) by scraping with a rubber policeman and pelleted at iooo g for io rain. The cells were suspended in I raM-phosphate buffer (pH 7"4) to swell at room temperature for 5 rain, disrupted with 2o strokes in a tight fitting Dounce homogenizer, and an isotonic suspension was made by adding I/7 of a vol. of 6o % (w/v) sucrose. The suspension was centrifuged in the Sorvall SS 32 rotor at I o 50o rev/min for 15 rain to remove mitochondria and the supernatant was further centrifuged in the Spinco 50 Ti rotor at 42000 rev/min for 2 h. The pellet obtained was suspended in o.o~ M-tris-HCl, pH 6-8, and sonicated in a Raytheon sonifier for 60 s. Unless otherwise indicated, all steps were performed at 2 to 4 °C.
Preparation ofacceptor proteins. The acceptor protein for the sialyl transferase assay was prepared as follows: 2o mg of fetuin (Sigma type III) was dissolved in o'5 ml of o'o5 M-H2SO4 and incubated at 85 °C for I h. The solution was neutralized with solid NaHCOa, dialysed against buffered saline and stored at -70 °C. Acceptor protein for galactosyl transferase was prepared by digestion with fl-galactosidase (Sigma, Grade IV from E. coli, crystalline suspension, 5 mg/ml) of the H2SOctreated fetuin (see above) in PBS containing 3 mM-MgCI~. A 0-2 ml portion of enzyme suspension was added to 2 ml of fetuin solution and the reaction was allowed to take place at 37 °C for 72 h. The reaction was terminated by brief heating in a boiling water bath.
Assay ofglycosyl transferase activity. Sialyl transferase activity was assayed, principally as described by Grimes (I97O) . The reaction mixture consisted of 2o¢d donor solution (o.I M-tris, O'3 % Triton X-IOO, o'o2 M-MnC12), containing o'o5 #Ci of CMP-sialic acid, 20 #1 microsome dilution (o'5 to 5 mg/ml), 40/~1 acceptor protein (4o mg/ml) and 20 #1 water. The reaction was carried out at 28 °C and terminated after ] h by addition of ~ ml of 1% phosphotungstic acid in o'5 M-HC1. The precipitate was pelleted by centrifuging at low speed and washed three times with ice-cold 5 % trichloroacetic acid. The precipitate was suspended in o'5 ml ethanol and trichloroacetic acid was removed by adding 0"5 ml diethylether. The resulting precipitate was dissolved in ~ ml M-NHa on a water bath at 6o °C for 4 h. Thereafter, 15 ml of scintillation fluid (Insta-Gel, Packard Instruments, Stockholm) was added and the samples were counted. Enzyme activity was calculated as counts per IO min after I h of enzyme reaction. Galactosyl transferase was assayed in a similar manner but CMP-sialic acid was substituted for UDP-galactose and fl-galactosidase-treated fetuin was used as the acceptor protein.
Thin layer chromatography (TLC) on cellulose plates (Alufolien, Merck, Stockholm) was performed to monitor the presence of possible radioactive hydrolysis products in the reaction mixtures. Protein content was measured by the method of Lowry et al. 0951) . Michaelis constants, Kin, were estimated by direct insertion of experimental results into LineweaverBurk double-reciprocal plots.
Acceptov specificities were determined in experimental series using untreated fetuin, fetuin desialized with H2SO 4 and desialized fetuin further treated with fl-galactosidase. All acceptors were obtained from the same preparative run. The microsome suspensions contained 5 mg/ml of protein. The different acceptor solutions each contained 40 mg fetuin. The amount of radioactivity incorporated into acid-insoluble material was considered to correspond to the relative specificity for each type of fetuin acceptor. 
RESULTS

Sialyl and galactosyl transferase activities of uninfected and HSV type I-infected cells
Microsome preparations of uninfected cells and cells harvested x6 h post HSV infection were assayed for sialyl and galactosyl activities. The assays demonstrated linear rates of incorporation of sialic acid and galactose ( Fig. i ) using a protein concentration of the particulate enzyme preparations ranging from o'5 to 5 mg/ml.
Both the galactosyl and sialyl transferases were heat-labile and incubation of microsomes for Io rain at 56 °C completely abolished enzyme activity. By omitting the acceptor protein it was shown that about 5 ~o of the galaetosyl transferase activity corresponded to an endogenous incorporation of galactose into the microsomes. No endogenous incorporation of sialic acid into microsomes was found. Evaluation of microsomal and soluble cytoplasmic fractions of infected and uninfected cells, respectively, demonstrated that slightly lower protein concentrations were present in the preparations of HSV-infected cells. About 6o % of the total galactosyl transferase activity was associated with the microsomal fractions of uninfected cells while about 80% of the total activity was bound to the microsomes of HSV-infected cells. For sialyl transferase, the corresponding figures of activity were more than 7o and 6o %. Thus, the preparation of microsomes precipitated most of the membraneassociated glyeosyl transferase activity (Table I) .
Cell cultures were inoculated with HSV and microsomes were prepared at o, 2, 4, 8, I6 and 24 h p.i. respectively. The microsomal fractions were assayed for sialyl and galactosyl transferase activity and protein content. The results are shown in Fig. 2 . It is seen that the relative amounts of sialyl transferase activity, calculated per mg microsomal protein, seemed to reach a maximum 8 h p.i. and subsequently decreased. Galactosyl transferase activity, on the other hand, seemed to decline from a high level and then increased again. The protein contents of isolated microsome fractions varied, the highest protein amounts being found Cells Uninfected I lI HSV-infected I II S. OLOFSSON, B. KHANNA AND E. LYCKE t The soluble fraction is diluted 2o-fold during the experimental procedure, causing an experimental error of about too ct/min. in microsomal fractions isolated from uninfected cells (Table I ). It cannot be excluded that the method for preparation of microsomes favoured enrichment of microsomes of uninfected cells, thus contributing to the variations in glycosyl transferase activities observed. However, this variation can only partially account for the different patterns between uninfected and HSV infected cells. The results presented in Fig. z suggest, therefore, that during the course of the HSV infection, changes in glycosyl transferase activity were, in fact, induced.
Kinetics of sialyl transferase activity of uninfected and HSV-infected cells
Kinetics of the sialyl transferase activity was studied using different sialic acid concentrations ranging from t o to I oo #M, but keeping the concentrations of the other constituents in the reaction mixture constant. Lineweaver-Burk double-reciprocal plots of the results obtained are shown in Fig. 3 . It can be seen that the apparent Km values of HSV-infected cells of both cell lines were about the same (38 #M) while Km calculated for uninfected BHK cells (27/~M) was higher than that of non-infected GMK cells 03/,M). To determine whether the observed difference in apparent Km values reflected a stable property between the HSV-infected and uninfected cell, three different passage levels of GMK cells were tested. Apparent K~ values of I3. 3 +_ I-4 #M (mean + s.c.) for uninfected cells and 39-+ 5 for HSVinfected cells were obtained.
To rule out the possibility that the difference in Km values between HSV-infected and uninfected cells reflected artefacts such as differences in side reactions, e.g. hydrolysis of the CMP-sialic acid substrate, samples were taken from the reaction mixture after i h and subjected to TLC. As seen in Fig. 4 , the TLC revealed no difference between HSV-infected and uninfected cells. Thus, the observed Km difference did not seem to be monitored by unforeseen side reactions of the CMP-sialic acid substrate.
Kinetics of galactosyl transferase activity of uninfected and HSV-infected cells
The Km values of galactosyl transferase of HSV-infected and uninfected cells were assayed as described above for sialyl transferase. Due to the high specific activity of laC-UDPgalactose it was necessary to add cold UDP-galactose to saturate the enzyme. Substrate concentrations ranging from 5 to 55/*M were tested. Km values for HSV-infected and uninfected GMK cells were calculated as t3" I and 3~ /ZM, respectively, and for HSV-infected and uninfected BHK-cells ~9 and 40/~M, respectively (Fig. 5) . Thus, the HSV infection resulted in an increase in the apparent Km of microsome-bound sialyl transferase while an inverse relationship characterized the galactosyl transferase. t Mean values, M, of duplicate experiments, I and II, are given. Figures in parentheses give the relative efficacy of accepters; for each experimental series untreated fetuin = IOO ~.
Samples of the reaction mixtures were also subjected to TLC on cellulose plates (Fig. 6) . The bulk of label remained with UDP-galactose and fetuin but almost 20 % was found at positions probably corresponding to galactose-~ phosphate and galactose. No essential difference between HSV-infected and uninfected cells was observed. The addition of up to 4 mM-ATP to the reaction mixture did not significantly change the relative heights of the two front peaks of the chromatogram, suggesting that there were only low amounts of pyrophosphatases present which were acting on the substrate (Mookerjea & Yung, I975) .
Accepters of sialyl and galactosyl transferases of HSV-infected cells
As reported above, HSV infection of cells was associated with changes in enzyme affinity for donors of sialic acid and galactose. To reveal whether changes in specificity for accepters were induced as well, a series of experiments was carried out with differently treated fetuin as the accepter protein. Three types of accepter were studied, i.e. untreated, H2SO:treated and H2SO4 and fl-galactosidase-treated fetuin. Apart from these differences in treatment of accepters, the experimental conditions were the same. Thus, the accepters originated from the same preparative run and identical concentrations of fetuin and the same ion composition of the preparations of accepters were employed.
The sialyl and galactosyl transferase accepter specificities of HSV-infected and uninfected cells are compared in Tables 2 and 3 . Sialyl transferase of uninfected cells demonstrated the most pronounced specificity for H2SO:treated fetuin (Table 2) while galactosyl transferase was most active with H2SOctreated fetuin which, in addition, had been digested with fl-galactosidase (Table 3 ). The observations are in agreement with sialic acid and galactose being the ultimate and penultimate sugar, respectively, of glycoprotein oligosaccharides. With HSV-infected cells another pattern was observed. As expected, the H~SO4-and ¢]-galactosidase-treated fetuin was the least effective acceptor of sialic acid but relatively higher sialyl transferase activity was achieved with untreated than with H2SOctreated fetuin as acceptor protein. Consistent results were obtained with both types of ceils but the most pronounced influence on glycosyl transferase activities were observed with GMK cells. The galactosyl transferase activity pattern demonstrated similar although less marked aberrations. Thus the two-to fourfold increase of activity observed for galactosyl transferase with H2SO4-and ~-galactosidase-treated acceptor protein failed to appear.
DISCUSSION
The narrow acceptor specificities of glycosyl transfcrases involved in the biosynthesis of glycoproteins are considered to determine the sugar sequences of the glycoproteins (Spiro, 197o; Roseman, 1974) . The formation of many glycoproteins seems to follow a general pattern. Thus, a core structure of mannose and N-acetylglucosamine is formed on the asparagine of the apoglycoprotein by means of a lipid carrier, and the distal sugars such as fucose, galactose, N-acetylglucosamine and sialic acid are added to the growing saccharide chain from their respective nucleotide sugars (Waechter & Lennarz, I976) .
Considering the genetic capacity of HSV it seemed possible that the HSV infection of cells might also influence the mode of glycosylation of the virus-induced glycoproteins, e.g. by the introduction of virus-specified glycosyl transferases. In the present study we observed the transfer of sialic acid and galactose to acceptor proteins and the ability to catalyse these transfers in particulate enzyme preparations from uninfected and HSV type Iinfected GMK and BHK cells. We found quantitative change in the sialyl and galactosyl transferase activities during the course of the infection.
If qualitative alterations of glycosyltransferases occurred during HSV infection these changes would be detectable by comparing the Km values for enzyme preparations of uninfected and HSV-infected cells. Viral modification of synthesis of host glycoconjugates by means of the production of virus-specific enzymes has been demonstrated for e phage infection of Salmonella anatum (Losick & Robbins, I967) . The level of sialyl transferase of SV4o-transformed C3H mouse cells is reported to be under the control of the gene A function of the SV4o virus genome (Onodera et al. 1976 ) but the same Km (23"8/tM) was recorded for both transformed and untransformed cells. We found that the magnitude of the apparent Km values observed for sialyl transferases and galactosyl transferases of both uninfected and HSV-infected cells were in accord with Km values of particulate glycosyl transferase activities reported for other biological systems (Onodera et al. 2976; Podolsky et al. I977) . On the other hand, the Km values and the acceptor specificities of both the glycosyl transferases studied by us indicated that the enzyme activities of the uninfected and the HSV-infected cells were qualitatively different. Thus, the HSV infection resulted in an increase in the apparent K~ of microsome-bound sialyl transferase while an inverse relationship characterized the galactosyl transferase. Possible mechanisms would be allosteric or other conformational changes of the enzymes, activation of cellular quiescent isoenzymes or synthesis of new, virus-coded, enzymes. The present data do not allow any statement as to the background. Conformational changes of membrane-bound glycosyl transferases due to alterations of lipids surrounding the enzymes have been reported (Beadling & Rothfield, I978; Gorski & Kasper, I978) and, as mentioned previously, virus-induced control of glycosylation of virus proteins is probably within the genetic capacity of the HSV.
We believe that the different Km values observed were not due to side reactions, such as hydrolysis of the sugar nucleotide substrates, as the TLC chromatograms were almost identical for reaction mixtures of HSV-infected and uninfected cells. It also seemed unlikely that the results reflected unspecific degenerative effects of the virus infection on the cell organelles as (i) the values of the constants were highly reproducible independently of the use of different enzyme preparations with different specific activities from different cell passages, (ii) the decrease of sialyl transferase donor affinity occurred concomitantly with an increase in donor affinity for the galactosyl transferase and (iii) only small differences in amounts of precipitable glycosyl transferases were encountered between infected and uninfected cells. Artefacts due to interference of different low tool. wt. inhibitors also seemed unlikely, as these would be eliminated by the preparatory procedure.
In a previous work (Olofsson & Blomberg, t 977) it was shown that minor changes occurred in the size distribution of the carbohydrate moiety of glycoproteins induced by the HSV infection. These changes can probably be explained by the observed altered qualitative properties of the glycosyl transferases adding the ultimate sugars to the carbohydrate parts. However, further experimentation, such as a comprehensive physicochemical characterization of the enzyme from different kinds of infected cells, neutralization tests with adequate antisera and possible association of the enzyme molecules to virus polypeptides, are needed to reveal the nature of the changes in glycosyl transferase activities of cells infected with HSV.
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